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Retinoic acid inﬂuences epidermal morphology and function through its ability to control transcription. Because
the circulation presents the epidermis with micromolar amounts of retinol that can be converted to retinoic acid,
regulating retinol access is imperative. In keratinocytes the majority of retinol is sequestered as long chain fatty
acid esters. Although much has been learned about the major esterifying enzyme, little is known about the hy-
drolase that accesses retinol from its storage depot. Murine carboxylesterases and hormone sensitive lipase have
been shown to have this activity. We found that their in vitro sensitivity to bis-p-nitrophenyl phosphate (BNPP),
however, was not shared by the epidermal hydrolase activity. We therefore produced and screened two keratin-
ocyte cDNA expression libraries and identiﬁed a previously sequenced gene (GS2) as a keratinocyte retinyl ester
(RE) hydrolase insensitive to BNPP. The enzyme also catalyzes fattyacyl CoA-dependent and -independent retinol
esteriﬁcation. The hydrolysis reaction is greater at neutral pH, whereas the esteriﬁcation reaction is greater at
acidic pH. These activities are consistent with the increased RE content that accompanies epidermal maturation. In
addition, this enzyme utilizes triolein as substrate and generates diacylglyceride and free fatty acid.
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Retinoic acid serves as a transcription factor ligand for a
family of heterodimeric nuclear receptors capable of mod-
ulating keratinocyte growth and differentiation. Depending
upon the nature of the DNA response element and the as-
sociated co-activator and co-repressor complexes, specific
retinoid responsive genes may be either activated or re-
pressed (Mangelsdorf et al, 1995; Renaud and Moras, 2000;
Bastien and Rochette-Egly, 2004). Deficiency or excess of
all trans retinoic acid (atRA) determine whether normal
epithelia undergo mucous or squamous metaplasia and
whether transformed epithelia undergo enhanced prolifera-
tion or apoptosis (Vahlquist and Torma, 1988; Xu et al, 1994;
Randolph and Siegenthaler, 1999; Sah et al, 2002; Crowe
et al, 2003; Altucci and Gronemeyer, 2004; Min et al, 2004;
Niles, 2004). Therefore, the intracellular concentration of
atRA must be maintained within a narrow concentration
range. One mechanism used to limit atRA production
within the epidermis is the esterification of retinol as long
chain fattyacyl esters (Randolph and Siegenthaler, 1999).
When needed, this retinyl ester (RE) depot may be access-
ed and retinol used to generate atRA in a two-step
dehydrogenation process with intermediate retinaldehyde
(Napoli, 1986; Siegenthaler et al, 1990).
Two types of membrane-bound activities can catalyze
retinol esterification. The first, lecithin retinol:acyl transf-
erase (LRAT), uses the sn-1 position of phosphatidyl choline
as the acyl donor and accepts both free retinol and retinol
bound to cellular retinol binding protein (CRBP) (Napoli et al,
1995). It is positively regulated by atRA (Ross, 2003). The
LRAT gene has been cloned, sequenced, and multiple tis-
sue-specific transcripts have been identified (Andreola et al,
2000; Zolfaghari et al, 2002; Zolfaghari and Ross, 2004).
LRAT null mice have severe RE reductions in liver and eye
demonstrating the in vivo importance of LRAT in these tis-
sues (Batten et al, 2004). A second activity, acyl CoA:retinol
acyl transferase (ARAT), employs fattyacyl CoA as the acyl
donor. Because it accepts only free retinol as substrate and
has a high Km for retinol, its contribution to RE formation is
limited to circumstances where retinol levels exceed those
of CRBP (Napoli et al, 1995). Multiple enzymes may re-
sponsible for ARAT activity; the pH optimum of mouse ker-
atinocyte ARAT is between pH 6.8 and 8.0, whereas the pH
optimum of human keratinocyte ARAT is between pH 5.5
and 6.0 (Torma and Vahlquist, 1987, 1990).
RE hydrolysis in vitro can be catalyzed by esterases or
lipases. In liver, which is a major RE storage depot, two
families of carboxylesterases, as well as distinct bile salt-
dependent and bile salt-independent ester hydrolases uti-
lize RE as substrate (Harrison, 1998). The carboxylesterases
of rat comprise at least six distinct genes (ES10, ES4, ES3,
AB010635, D50580, and AY034877), of which up to five
have been shown to hydrolyze RE (Harrison, 1998; Sang-
hani et al, 2002). Only ES10 and ES3 are found in skin. The
bile salt-dependent hydrolase is related to pancreatic car-
boxylester lipase and as a secreted enzyme may have a
limited role in RE mobilization (Gad and Harrison, 1991). In
contrast, the neutral and acidic bile salt-independent ester
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hydrolases are microsomal. At least one neutral ester
hydrolase activity is distinguished by its activation with
physiologic levels apo-CRBP. In contrast to other RE hy-
drolase (REH) activities, this enzyme is insensitive to the
carboxylesterase inhibitor bis-p-nitrophenyl phosphate
(BNPP) (Boerman and Napoli, 1991). Although a number
of lipases have been found to hydrolyze RE, of particular
note is hormone sensitive lipase (HSL), an intracellular pro-
tein expressed as tissue-specific splice variants (Wei et al,
1997; Wolf, 1998; Osterlund, 2001). This enzyme hydrolyzes
a broad spectrum of esters including triacylglycerol, cho-
lesterol ester, RE, and a number of water soluble com-
pounds such as mono- and diglycerides (Kraemer and
Shen, 2002).
RE turnover in cultured keratinocytes has been reported
with a turnover time in normal cells of 72 h (Randolph
and Simon, 1993). Homogenates of normal and transformed
cultured keratinocytes have been shown to hydrolyze RE at
comparable rates, although in homogenates of normal cells
LRAT-driven re-esterification of product retinol limits its ac-
cumulation (Jurukovski and Simon, 1999). In view of the
potential importance of RE in providing substrate retinol for
atRA production, we sought the identity of the enzyme(s)
responsible. Herein we describe a previously unknown REH
expressed in keratinocytes. The enzyme has properties
similar to the activity found in keratinocyte homogenates. It
is encoded by GS2, and shows homology to the plant acyl
hydrolases of the patatin family (Lee et al, 1994; Rydel et al,
2003). We postulate that in epidermis, this enzyme cat-
alyzes retinol access from RE storage depots.
Results
SCC13 REH is insensitive to BNPP Murine HSL and car-
boxylesterases are sensitive to BNPP. Therefore, to deter-
mine the potential contribution of these enzymes to
keratinocyte RE hydrolysis, we tested the BNPP sensitivity
of RE hydrolysis in SCC13 homogenates. In the absence
of the inhibitor, RE hydrolysis was 510 pmol per mg per h.
Incubations with 1 mM BNPP reduced the hydrolysis only
4% to 490 pmol per mg per h. This makes it unlikely that the
homogenate REH activity is because of HSL or carboxy-
lesterases.
The expression of HSL was detected in SCC13 using
RT-PCR with specific primers. hES-1 and hES-2, but not
hES-3, were detected using degenerate primers. To verify
that these homologues were indeed sensitive to BNPP, their
cDNA was cloned, and expressed in 293T cells. Using ho-
mogenates prepared from hHSL transfectants and retinyl
palmitate as substrate, we found that 1 mM BNPP reduced
hydrolysis by 95% from 640 to 30 pmol per h. Using ho-
mogenates from hES-1 and hES-2 transfectants and 1-
naphthyl acetate as substrate, we found that 1 mM BNPP
abolished their esterase activity (data not shown). The in-
hibition of RE hydrolysis was not evaluated, because hES-1
and hES-2 REH activity was below the levels detected by
our assays.
cDNA library screening for REH Because the human
homologues of the known REH were sensitive to BNPP, we
screened random and directional keratinocyte cDNA librar-
ies for other REH. Table I shows the results from the first
round of screening of 120 pools each containing approx-
imately 4000 clones. Five pools hydrolyzed RE above con-
trol. We used pool #284 for further screening (see Fig 1) and
isolated a single cDNA clone. This clone contained the
cDNA sequence of GS2 (gene sequence 2). The protein
comprises 253 amino acids and is a member of a gene
family homologous to the acyl hydrolases of the plant pata-
tin family (Lee et al, 1994; analysis by blast).
The other four pools catalyzing RE hydrolysis were test-
ed for GS2 and hHSL cDNA by PCR. As shown in Table I,
three pools contained GS2 cDNA and one pool (#40) con-
tained hHSL cDNA. The identity of the hHSL splice variant
was determined by amplifying the DNA of pool #40 using a
primer 50-ccagagacgatagcacttcc-30 (1940–1921) located in
the common region of hHSL splice variants and the Sp6
promoter primer. The resultant single 1 kb fragment of the 50
region of hHSL was sequenced and found to match the
hHSL cloned from brain (BC029301).
RE hydrolysis Like the SCC13 homogenates, the REH
activity of the GS2 encoded protein was only marginally
inhibited by BNPP. In the presence and absence of the in-
hibitor, homogenates (10 mL) of pGS2 transfectants showed
hydrolysis rates of 540 and 530 pmol per h, respectively. We
further assessed the properties of the expressed GS2.
Figure 2A shows that retinyl palmitate hydrolysis by ex-
pressed GS2 was linear for at least 80 min, and increased
with increasing protein. The expressed protein had an ap-
parent Km of 69 mM for retinyl palmitate emulsified with
bovine serum albumin (BSA) (Fig 2B).
REH activity requires a Ser–Asp catalytic dyad The ex-
pressed GS2 is exquisitely sensitive to the serine protease
inhibitor phenyl methyl sulfonyl fluoride (1 mM; PMSF),
which in three separate experiments reduced RE hydrolysis












per h) GS2 hHSL
278 Directional 647 0.12 þ 
284 Directional 739 0.13 þ 
3 Random 376 0.08 þ 
32 Random 363 0.08 þ 
40 Random 535 0.05  þ
Control — 231 0.05  
293T transfectants of cDNA pools from each of two libraries were as-
sayed for their ability to hydrolyze retinyl palmitate. The pools that con-
tained cDNA for REH are given. These assays included 2 nM
[11,12-3H(N)]retinol as a means of detecting additional retinol metabo-
lizing enzymes. Each pool that expressed GS2 cDNA also esterified the
added [11,12-3H(N)]retinol at levels above that of control. Replicate cul-
tures of 293T cells transfected with empty vector were used to produce
control homogenates. Pool 284 was used for further screening.
HSL, hormone sensitive lipase; REH, retinyl ester hydrolase.
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by more than 98%. This predicts the importance of a serine
at the active site. As the GS2 protein contains a G–A–S–A–G
serine hydrolase motif at position 41–45 and a D–G–G motif
at position 163–165 which putatively forms a catalytic Ser–
Asp dyad (Hirshberg et al, 2001; Rydel et al, 2003), we
generated alanine substitution mutants at Ser43 (GS2: S43–
A43) and at Asp163 (GS2: D163–A163). We found that wild-
type GS2, GS2: S43–A43 and GS2: D163–A163 hydrolyzed
retinyl palmitate at a rate of 1.3, 0.02, and 0.024 nmol per h,
respectively. By western blot analysis using anti-GS2 anti-
body we found that the wild-type and mutants GS2 proteins
were expressed at comparable levels. Therefore, both
Ser43 and Asp163 are required.
Activity of GS2 as an acyl-transferase A partial reverse
reaction was detected during our initial library screening
which included 2 nM [11,12-3H(N)]retinol as tracer to iden-
tify other retinol metabolizing enzymes. The only pools that
esterified the [11,12-3H(N)]retinol were those containing
GS2 cDNA (see Table I). In reactions with only 2 nM
[11,12-3H(N)]retinol without added RE, [3H]RE were not de-
tected above background. This suggested that RE served
as acyl donors. To confirm this, we measured the products
of reactions carried out with 2 nM [11,12-3H(N)]retinol and
either retinyl palmitate or retinyl stearate using homogen-
ates prepared from 293T transfected with pGS2. Each re-
action generated [3H]RE with the same fatty acid congener
as the non-labeled RE used in the assay.
To determine whether the expressed GS2 could utilize
acyl donors other than RE and thereby catalyze RE accu-
mulation, we evaluated retinol esterification using 0–120 mM
palmitoyl CoA. Because human keratinocyte ARAT has a pH
optimum between pH 5.5 and 6.0 we measured esterificat-
ion at pH 7.4 and 5.8. Using 10 mM retinol, palmitoyl CoA-
dependent and -independent esterification was observed.
As shown in Fig 3, in the presence of palmitoyl CoA, retinol
esterification was greater at pH 5.8 than at pH 7.4. In the
absence of palmitoyl CoA, esterification occurred at a rate
of 25 pmol per h. At pH 5.8, addition of 40 mM palmitoyl CoA
increased production to 53 pmol per h. Increasing the
palmitoyl CoA concentration to 120 mM caused a reduction
in esterification to 32 pmol per h. At pH 7.4, retinol ester-
ification was modestly reduced by addition of 40–120 mM
palmitoyl CoA. Like the REH activity of the enzyme, ester-
ification was also inhibited more than 99% by 1 mM PMSF.
Comparison of pH optima of REH and esteriﬁcation ac-
tivities Using homogenates from the same transfection,
Figure 1
Expression library screening for RE hydrolase (REH) activity. Re-
tinyl ester hydrolysis was measured in homogenates prepared from
293T cells transfected with empty vector (vector control), or plasmids
containing cDNA sequences. Results of the vector control and of an
REH expressing cDNA pool of the first, second, and third round of
screening are shown.
Figure2
Characterization of retinyl ester hydrolase activity. (A) The retinol
accumulated in 200 mL reactions after 20–80 min incubations of dif-
ferent concentrations of pGS2 transfectant homogenate with retinyl
palmitate are shown. The protein concentrations used were 50 mg per
mL (filled diamond), 100 mg per mL (filled square), 200 mg per mL (filled
triangle), and 400 mg per mL (cross). As control, homogenates prepared
from empty vector transfectants were evaluated at each time and each
protein concentration. Retinyl palmitate hydrolysis in these reactions
was about 20-fold less than the pGS2 transfectants and has been
subtracted from the data shown. The data represents the mean of two
experiments. (B) The rate (v) of product retinol accumulation in nmol per
h is shown. The substrate (s), retinyl palmitate, was added at 20–250
mM. For these reactions 200 mg per mL of pGS2 transfectant homo-
genates were used. Retinol accumulation in control samples was sub-
tracted. The data represents the mean of three experiments; standard
deviations were within 8% of the means.
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REH and retinol esterification were next compared as a
function of pH. RE hydrolysis was assessed in reactions
containing both 33 mM retinyl palmitate. Retinol esterificat-
ion was assessed using 10 mM retinol and 40 mM palmitoyl
CoA. As shown in Fig 4, REH activity is greater at neutral pH
than at acidic pH and increased from about 110 pmol per h
at pH 5.8 to about 380 pmol per h at pH 7.4. In contrast,
retinol esterification decreased about 3-fold from about 35
pmol per h at pH 5.5–6.5 to 11 pmol per h at pH 7.4.
Triolein hydrolysis We also tested the ability of the
expressed GS2 to use [carboxyl-14C]triolein as substrate.
Homogenates (20 mL) of pGS2, phHSL, and vector control
transfectants were compared and found to release
[14C]oleic acid at 1688 (  200), 1124 (  150), and 218
(  2) pmol per h, respectively. Only pGS2 transfectants
catalyzed the accumulation of [14C]diacylglyerols (Fig 5). No
accumulation of [14C]diacylglyerols above control was ob-
served with hHSL transfectants, consistent with their subst-
rate preference for diacylglycerols (Fredrikson et al, 1981).
Using 5 mL of the same homogenates, we found that hHSL
and GS2 hydrolyzed RE at rates of 1100 and 300 pmol
per h, respectively.
Discussion
Retinoic acid regulates the development and maintenance
of epidermal morphology through its ability to control the
transcription of a wide variety of genes. Because the cir-
culation presents the epidermis with micromolar amounts of
retinol that can be oxidized to atRA in target tissues, reg-
ulating retinol availability becomes imperative. Intracellular
retinol esterification sequesters the majority of substrate
retinol. Although much has been learned about the nature of
the high affinity esterifying enzyme, LRAT, little is known
about the enzyme or enzymes responsible for access of the
RE pools in keratinocytes. Our initial in vitro work demon-
strated that the enzyme responsible for RE hydrolysis in
SCC13 homogenates was insensitive to BNPP. This
precluded the human homologues of the murine carboxy-
lesterases (hES-1, hES-2) and HSL as the responsible cat-
alysts. Our functional screen of two cDNA expression
libraries revealed only two distinct REH: one is a sequenced
gene (GS2) previously unknown to serve as a REH, and the
second is a HSL splice variant identical to that found in
brain.
GS2 cDNA encodes a 253 amino acid protein, and is
located on the human chromosome Xp22.3, between the
genes for steroid sulfatase (STS) and Kallman syndrome
(KAL) (Lee et al, 1994). It is a member of the patatin family of
acyl hydrolases, whose proteins are characterized by a
conserved amino acid sequence of G–X–S–X–G at their
active sites (Rydel et al, 2003). These enzymes contain a
Ser–Asp catalytic dyad (Ser43/Asp163) rather than a Ser–
His–Asp/Glu triad found in other lipolytic enzymes (Schrag
and Cygler, 1997). The dyad is essential for REH activity,
as replacement of either amino acid with Ala results in a
Figure 3
Palmitoyl CoA-dependent retinol esterification. Homogenates of
pGS2 transfectants were incubated at either pH 5.8 or 7.4 with 10 mM
retinol and 0–120 mM palmitoyl CoA for 1 h at 371C. Retinoids were
extracted, resolved by HPLC, and detected at 326 nm. The amount of
retinyl ester (RE) formed per hour is shown.
Figure4
pH dependence of retinyl ester hydrolysis and retinol esterificat-
ion. To determine the impact of pH on hydrolysis, homogenates of
pGS2 transfectants (filled diamonds) were incubated at pH 5.5, 5.8, 6.4,
and 7.4 with 33 mM retinyl palmitate. To determine the impact on retinol
esterification, homogenates were incubated at each pH with 40 mM
palmitoyl CoA and 10 mM retinol. After 1 h at 371C, retinoids were
extracted, resolved by HPLC and detected by absorbance at 326 nm.
Data represents the average of two experiments. Homogenates of
empty vector transfectants (empty diamonds) were also assayed for
hydrolytic and esterifying activities at pH 5.8 and 7.4.
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60-fold reduction in activity. In contrast to the carboxylest-
erases and hHSL, the expressed GS2 is insensitive to
BNPP, a characteristic shared with the observed REH ac-
tivity of keratinocyte cell homogenates and with the previ-
ously reported bile salt-independent REH activity found in
rat liver (56).
Expressed GS2 also catalyzed fattyacyl CoA-dependent
and -independent retinol esterification. In contrast to RE
hydrolysis, retinol esterification increased at lower pH. This
was because of the acidic pH optimum of the fattyacyl
CoA-dependent (ARAT) activity. Fattyacyl CoA-independent
esterification had a broad pH optimum and used an
as yet unidentified acyl donor(s). GS2 lipase could hydro-
lyze phospholipids, as do other distantly related members
of the patatin family, and generate a fattyacyl intermediate
for retinol acylation. Alternatively, GS2 lipase might utilize a
neutral lipid such as triacylglycerol as acyl donor and gen-
erate RE.
The difference between the pH optima for RE hydrolysis
and retinol esterification makes it tempting to speculate
that, dependent upon substrate availability, pH might be a
physiologic regulator of RE turnover. The dramatic decrease
of REH activity at acidic pH is consistent with earlier ob-
servations and suggestions that relate increased RE accu-
mulation with the decreased tissue pH that accompanies
epidermal maturation (Torma and Vahlquist, 1987, 1990).
Involvement of the epidermal acid mantle, however, remains
to be determined (Ohman and Vahlquist, 1994; Hanson
et al, 2002).
To our knowledge, GS2 lipase is the first characterized
enzyme demonstrated to have ARAT activity. The pH opti-
mum of its fattyacyl CoA-dependent esterification reaction
was found to be similar to that reported for normal human
keratinocyte ARAT (Torma and Vahlquist, 1990). It is, how-
ever, distinguished from the murine ARAT activities by its
sensitivity to PMSF (Torma and Vahlquist, 1987; Shingleton
et al, 1989; Randolph et al, 1991). It is possible that there is
more than one ARAT activity in human keratinocytes.
During the writing of this manuscript, Jenkins et al (2004)
reported a triglyceride lipase activity of ectopically ex-
pressed GS2 and named the protein iPLA2Z. Similar to their
results, we also found that the expressed GS2 had a robust
[carboxyl-14C]triolein hydrolase activity. The ratio of lipa-
se:REH activity of the enzyme was greater than that of
hHSL under our assay conditions. In addition, we found that
product [14C]diacylglycerol accumulated along with 14C-
free fatty acids. Reactions with hHSL accumulated only
product [14C]free fatty acids; a result consistent with an HSL
substrate preference for monoacyl- and diacylglycerols
(Fredrikson et al, 1981). The accumulation of diacylglyerols
in HSL null mice further supports a role for HSL as a di-
acylglyceride hydrolase (Haemmerle et al, 2002). If GS2
lipase (iPLA2Z) uses both RE and triglycerides as substrate
in vivo, this enzyme may prove an important conduit for
coordinating retinoid and non-retinoid lipid signal trans-
duction. To determine the range of physiologically relevant
activities of this enzyme, it should be useful to eliminate its
expression and evaluate retinoid status and keratinocyte
differentiation; these experiments are currently in progress.
Materials and Methods
Approvals The committees on research compliance for use of
recombinant DNA, and radioactive materials, the ethics committee
of the State University of New York at Stony Brook approved all
described studies.
Cell culture The human epidermal squamous cell carcinoma cell
line, SCC13, was grown with lethally irradiated 3T3 cells, harvested
and passaged as previously described (Rheinwald and Green,
1975; Rheinwald and Beckett, 1981; Randolph and Simon, 1993).
For experiments, cultures were harvested at 2 d post-confluence.
SCC13 was used for library construction, as its RE hydrolysis rates
are similar to normal keratinocytes, whereas its LRAT expression is
reduced more than 20-fold; REH activity is more readily detected in
SCC13 (Jurukovski and Simon, 1999). 293T cells were grown in
high glucose DMEM (Invitrogen, Carlsbad, California) supplement-
ed with 10% fetal bovine serum (HyClone, Salt Lake City, Utah)
without antibiotics.
Transient transfection of 293T cells One day prior to their
transfection, 106 293T cells were plated into a p100 tissue culture
dish. For each transfection, 4 mg of plasmid DNA diluted to 200 mL
with KBM (Cambrex, Walkersville, Maryland) was first mixed with
36 mL PLUS reagent (Invitrogen). After 15 min at room temperature,
200 mL KBM supplemented with 16 mL LipofectAMINE (Invitrogen)
was added. The solution was incubated at room temperature for an
additional 15 min after which 3.6 mL KBM was added. This solution
was then transferred onto KBM-rinsed cells. The cultures were
incubated for 4 h at 371C in 7.5% CO2, after which 6 mL of DMEM
Figure 5
The lipolytic activity of GS2 differs from hHSL. Homogenates (20 mL)
of 293T expressing GS2 (lane 1) or hHSL (lane 2) were incubated with
[carboxyl-14C]tiolein for 1 h at 371C. Lipids were extracted, resolved by
TLC, and visualized by exposure to X-ray film. Radiolabeled triglycer-
ides (TG), free fatty acids (FFA), 1,3-diacylglycerol (1,3 DG), 1,2-diacyl-
glycerol (1,2 DG), and monoglycerol (MG) were detected. As control
293T transfected with empty vector was assayed (lane 3). HSL, hor-
mone sensitive lipase.
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with 10% FBS was added. The cultures were incubated an addi-
tional 24 h prior to assay.
Preparation of cell homogenates Cultures were washed with
calcium-free phosphate buffered saline, pH7.4 (PBS), scraped off
the plastic surface, and transferred to 50 mL sterile plastic cen-
trifuge tubes. The cells were then washed, suspended in 250 mL
PBS and sonically disrupted using 15 bursts of a Branson Sonifer.
Protein concentrations were determined using the Bio-Rad Protein
Assay (Bio-Rad Life Sciences, Hercules, California) with BSA as a
standard. The concentration of homogenate protein in transfect-
ants was 4–6 mg per mL.
Identiﬁcation of carboxylesterase mRNA in SCC cells Based
on a comparison of six carboxylesterase amino acid sequences
(PROTEINS), degenerate primers corresponding to VMVWIH at the
N-terminus and MKF/YWANF at the C-terminus of carboxyl est-
erase were used in the Onestep RT-PCR (Qiagen Sciences, Ger-
mantown, Maryland) reaction with total RNA isolated from SCC13.
The forward and reverse primers used were, GTXATGGTXTG-
GATHCAY and RAARTTXGCCCARWAYTTCAT, where H: AþTþC;
W: AþT; R: AþG; Y: CþT, and X: AþGþCþT are the symbols
used. A 1.1 kb RT-PCR product was formed which was isolated by
gel electrophoresis, ligated into pCR2.1 with TA Cloning Kits, and
used to transform Escherichia coli DH5a (Gene Choice, Frederick,
Maryland). pCR2.1, and the TA Cloning Kits were purchased (In-
vitrogen). Transformants were seeded onto selective plates con-
taining 50 mg per mL ampicillin, colonies were then picked and
cells grown for DNA isolation and DNA sequencing.
Carboxylesterase and lipase expression vectors Primers which
encompass the entire coding sequence of hES-2 were used
to amplify hES-2 cDNA from SCC13 total RNA by using Onestep
RT-PCR Kit (Qiagen Sciences). The primers used, CCCAA-
GCTTGAACAGCAGCGTGTCC (19–35) and GCTCTAGAGCTA-
CAGCTCTGTGTG (1750–1733), contain a HindIII site and an XbaI
site, respectively; the restriction sites are underlined. The 1.7 kb
RT-PCR product was digested with HindIII and XbaI and ligated
into the expression vector pCR3.1. The expression vectors
pCR3.1, and H-M73499M containing hES-1 coding sequence
were purchased (Invitrogen). All cDNA sequences were verified by
DNA sequencing carried out at the University of Stony Brook (USB)
sequencing facility.
Construction of hHSL expression vectors Human HSL (hHSL)
expression vectors were constructed by assembling the whole
cDNA sequence from I.M.A.G.E. consortium cDNA clones
4394984, 2062237, and 5163288. Briefly, clone 4394984 was first
digested with SphI and EcoRI. The resultant 5.5 kb fragment was
then ligated with the 1.4 kb SphI/NotI fragment from clone 2062237
and the 0.8 kb NotI/EcoRI fragment from clone 5163288, yielding
plasmid pCMV.SPORT6-hHSL.
Esterase assay Ten micrograms of protein from transfected 293T
cell homogenates were diluted 1:1 with 2  loading buffer con-
taining 0.2% Triton X-100 and the solubilized proteins were sep-
arated by native electrophoresis on 4%–20% Novex Tris-Glycine
gels (Invitrogen) for 1.5 h at 125 V. After electrophoresis, the gels
were washed twice for 30 min with TEG buffer (10 mM Tris-HCl,
pH 7.5, 1 mM EDTA, 1 mM EGTA, and 1.5% glycerol) at room
temperature. Esterases were visualized using a 60 min, room tem-
perature incubation with 50 mL TEG buffer containing 1 mM 1-
naphthyl acetate and 0.1% Fast Red TR salt (Mentlein et al, 1980).
REH and retinol esteriﬁcation assays To measure REH activity
in SCC13 100 mL of cell homogenate (10 mg per mL) was used. To
measure activity in the library screening 100 mL of transfectant
homogenates were used, and for measurements of 293T trans-
fected with vectors harboring GS2, hHSL, hES-1, and hES-2, 10
mL, 1 mL, 10 mL, and 10 mL of transfectant homogenates were used,
respectively. HPLC-purified retinyl palmitate (Sigma, St Louis, Mis-
souri) was emulsified with 0.2 mM defatted BSA in Tris-HCl (pH 7.6)
containing 1 mM EDTA, 1mM EGTA, and 1.5% glycerol (TEG) to
yield a concentration of 66 mM. One hundred microliters of the
emulsion was mixed with the indicated cell fraction, and the final
volume was adjusted to 200 mL with PBS. Unless otherwise indi-
cated RE hydrolysis reactions contained a final concentration of 33
mM retinyl palmitate. Retinyl stearate was synthesized as previ-
ously described and purified by HPLC prior to use (Huang and
Goodman, 1965).
During the library screening, a final concentration of 2 nM
[11,12-3H(N)]retinol (56 Ci per mmol; Perkin Elmer, Boston, Mass-
achusettes) was added to allow detection of other retinol metab-
olizing enzymes; these reactions were also carried out with pGS2
transfectants. Retinol esterification was evaluated using 10 mM re-
tinol incubated with or without fattyacyl CoA at the indicated con-
centrations. Reaction mixtures were incubated at 371C for 1 h with
gentle shaking. Cell extracts, boiled for 1 min prior to addition of
retinoid were used to measure non-enzymatic conversions. Re-
tinoids were extracted and resolved by reverse-phase HPLC with
photodiode array detection as previously described (Randolph and
Simon, 1993), but using a Waters 2996 photodiode array detector
equipped with automated injection. Absorbance at 326 nm was
used to detect retinol metabolites and radiolabel was measured by
in-line scintillation counting. Spectral analyses were carried out to
verify product identity.
RNA preparation and RT-PCR Total RNA from cultured cells was
purified by ultracentrifugation in CsCl solutions as previously de-
scribed (Sambrook et al, 1989). RT-PCR was carried out by using
OneStep RT-PCR kit (Qiagen Sciences). Primers (50-agtatgt-
cacgctgcataagg-30) and (50-ccagagacgatagcacttcc-30) were used
to detect hHSL yielding a 297 bp RT-PCR-specific product. These
primers detect all known splice variants of the hHSL gene. Primers
50-gctagaatgaagcacatcaacc-30 (85–106) and 50-accacactgata-
caaagattcc-30 (804–783) were used to detect GS2, yielding a 699
bp RT-PCR product.
Trolein hydrolase assay The assays were carried out essentially
as described (Harrison, 1998) with only slight modifications. For
each assay, 0.2 mCi of [carboxyl-14C]triolein (100 mCi per mmol;
Perkin Elmer) was emulsified in 100 mL of 0.2 mM defatted BSA in
TEG buffer. One hundred microliters of the test enzyme was mixed
with the substrate and incubated at 371C for 1 h with gentle shak-
ing. The reactions (200 mL) were terminated by addition of 25 mL of
1.0 N HCl and 1 mL of hexane/isopropanol (3:2). Lipids standards
(10 mg each) were added and lipids were then extracted. Lipids in
the organic phase were dried under argon and separated by TLC
using hexane/ethyl ether/acetic acid (80:20:1). The lipids were vis-
ualized by iodine vapor staining and radiolabeled lipids detected
by exposure of the TLC plate to X-ray film (X-OMAT, Kodak,
Eastman Kodak Co, New Haven, Connecticut). Radiolabeled lipids
were scraped from the plate and mixed with 5 mL Scintiverse
(Fisher Scientific, Springfield, New Jersey) for scintillation counting.
cDNA library construction and screening for REH About 40 mg
of poly (A)þRNA was isolated from 3 mg total SCC13 RNA by two
rounds of dC10T30 oligonucleotide selection using Oligotex Direct
mRNA kit (Qiagen Science). Expression cDNA libraries were then
constructed by using SuperScript Plasmid System for cDNA Syn-
thesis and Cloning (Invitrogen) according to the manufacturer’s
recommendations. Briefly, to construct a directional cDNA library,
the first-strand cDNA was synthesized by using NotI-(dT)15 as the
primer. After second strand synthesis, SalI adapters were added to
the cDNA, which was then digested with NotI, fractionated by
column chromatography and ligated into pCMV-Sport6 vector at
NotI/SalI sites. Since the directional library will exclude sequences
with NotI sites, we also constructed a random library. To construct
this cDNA library, the first-strand cDNA was synthesized by using
Oligo(dT)12–18 as the primer. An EcoRI adapter was added to the
double-stranded cDNA. After fractionation by column chromatog-
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raphy, cDNA was treated with T4 DNA kinase and ligated into
pCMV-Sport6 vector at the EcoRI site.
The ligated cDNA was introduced into E. coli DH5a by elect-
roporation (E. coli pulser, Bio-Rad Life Sciences). For the first round
of screening, the bacterial transformants were plated on LB plates
containing 100 mg per mL ampicillin (LB amp) at a density of 4000
clones/plate. One hundred and twenty plates were used to eval-
uate 4.8  105 cDNA sequences. This represented 120 pools of
plasmid of which 40 pools were made from the directional library
and 80 pools were made from the random library. Plasmid DNA
was prepared using a Miniprep Kit (Qiagen Sciences) and each
pool was used to individually transfect 293T cells. REH activities
were measured as described above.
For the second round of screening, a REH-positive pool, pool
284, was subdivided into a 100 pools, each containing about 120
clones. These 100 sub-pools were arranged in 10 rows and 10
columns. Ten pools across a row or 10 pools down a column were
combined, resulting in 20 combined sub-pools each with 1200
clones. Plasmid DNA from the combined sub-pools were purified
and transfections were carried out for REH assays. REH-positive
sub-pools were identified by locating the overlap between REH-
positive columns and rows.
For the third round of screening, 500 individual clones were
cultured from a REH-positive sub-pool. Half of each culture was
saved and half was further evaluated by producing 100 pools each
containing five clones. These pools were arranged in 10 rows and
10 columns. By combining 10 pools across a row and 10 pools
down a column, 20 pools each with 50 clones were obtained.
These were screened for REH activity. Finally, each of the five
clones in a REH-positive mixture was individually assayed for REH
activity.
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